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Aim

 

To compare in humans the effects of ivabradine and propranolol on cardiac and
systemic haemodynamics at rest, during tilt and exercise.

 

Methods

 

Nine healthy volunteers randomly received single oral doses of ivabradine (Iva,
30 mg), propranolol (Propra, 40 mg) or placebo (Plac) during a double-blind cross-
over study. Doses were selected to be equipotent in heart rate (HR) reduction. HR,
systolic and diastolic blood pressure (SBP, DBP), cardiac index (CI, bioimpedance),
rate pressure product (RPP), plasma epinephrine (E) and norepinephrine (NE), were
measured at rest at baseline, before and after two tilt and exercise tests, star ted 2
and 5 h after drug intake. Heart rate variability (low to high frequency ratio LF/HF)
was evaluated at rest and at 5th minute of tilt.

 

Results

 

At rest, HR and RPP decreased similarly with Iva and Propra (both 

 

P

 

 

 

<

 

 0.01). During
tilt, HR increased less with Iva than Propra (

 

P

 

 

 

<

 

 0.01), LF/HF decreased after Iva
(

 

P

 

 

 

<

 

 0.03), SBP and mean blood pressure decreased after Propra (both 

 

P

 

 

 

<

 

 0.01),
RPP decreased similarly after Iva and Propra (both 

 

P

 

 

 

<

 

 0.01) and CI decreased to a
greater exent with Propra than with Iva or Plac (both 

 

P

 

 

 

<

 

 0.04). During exercise, Iva
and Propra similarly decreased HR (both 

 

P

 

 

 

<

 

 0.01) and RPP (

 

P

 

 

 

<

 

 0.01).

 

Conclusions

 

These results demonstrate that for a similar decrease in HR at rest and during
sympathetic stimulation, acute administration of ivabradine, a selective hear t rate-
lowering agent, decreased myocardial oxygen demand to the same extent as a
reference 

 

β

 

-blocker, propranolol, but without evidence of depressant effect on cardiac
function.

 

Introduction

 

There is now substantial evidence to suggest that heart
rate (HR) is a powerful predictor of mortality in both
normal individuals [1, 2] and in patients with coronary
events [3, 4]. Reducing HR both decreases myocardial

oxygen demand and improves endocardial blood supply,
so there is considerable interest in agents that exhibit
this property. 

 

β

 

-Blockers are widely used in angina pec-
toris and after myocardial infarction, partly for their HR-
lowering properties. However, these agents can have an
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undesirable negative inotropic action and can cause a
paradoxical vasoconstriction of large epicardial coro-
nary arteries at rest and during exercise, both in animals
[5, 6] and in humans [7]. Additionally, 

 

β

 

-blockers may
cause bronchoconstriction in patients with obstructive
airway disease [8] and may have negative metabolic
effects, including a reduction in insulin sensitivity [9].
A selective bradycardic agent, which does not produce
these undesirable effects, could thus be useful to assess
the effect of HR lowering alone and therefore could be
of therapeutic interest.

Ivabradine (S 16257) is a member of a new class of
selective and specific HR-lowering agents that act by
inhibiting the pacemaker current, I

 

f

 

, in the sino-atrial
node. I

 

f

 

 is a hyperpolarization-activated mixed sodium/
potassium inward current that is important during dias-
tolic pacemaker depolarization [10, 11]. Ivabradine
induces a selective, specific and use-dependent inhibi-
tion of the I

 

f

 

 current [12, 13] and has a pronounced
bradycardic effect, both at rest and during exercise, in
experimental animals [6, 14, 15] and in humans [16],
which could be beneficial in angina pectoris [17]. The
objectives of the present study were to investigate the
haemodynamic and neurohumoral effects of ivabradine
in healthy volunteers, at rest, during orthostatic tilt tests
and during exercise, and to compare these effects with
a reference 

 

β

 

-blocker, propranolol, and with placebo.
Doses of the two drugs were selected to be equipotent
in terms of HR reduction at rest and during exercise and
orthostatic tilt tests.

 

Methods

 

Subjects and study design

 

Nine male volunteers, mean (

 

±

 

 SEM) age 21 

 

±

 

 1 years
(range 18–30), with a normal body mass index
(22 

 

±

 

 1 kg m

 

−

 

2

 

, range 20–25) took part in the study.
They were considered healthy based on their previous
medical history, physical examination, normal electro-
cardiogram and routine laboratory tests. In addition,
they performed a satisfactory exercise tolerance test dur-
ing the screening period. Exclusion criteria included
smoking, alcoholism or illicit drugs use, regular intake
of caffeinated beverages, or participation in competitive
endurance sports. The study was performed in accor-
dance with the Declaration of Helsinki, the study
protocol was approved by the relevant Consultative
Committee for the Protection of Persons Engaged in
Biomedical Research (CCPPRB de Haute-Normandie)
and all participants gave written informed consent.

Under double-blind conditions the subjects were
orally administered a single dose of ivabradine 30 mg,
propranolol 40 mg or placebo, in a random order at 1-

week intervals. Thus, each participant received three
capsules of identical appearance of either placebo,
ivabradine or propranolol and the treatment sequences
were allocated randomly in blocks of three participants
according to a 3 

 

×

 

 3 Latin square design.

 

Parameters investigated

 

The following parameters were evaluated before and
during an 8-h period after drug administration: HR and
systolic and diastolic blood pressures (SBP, DBP) were
measured using a brachial cuff sphygmomanometer.
Mean blood pressure (MBP) was calculated as MBP

 

=

 

 DBP 

 

+

 

 [(SBP-DBP)/3] and rate-pressure product
(RPP) as RPP 

 

=

 

 SBP 

 

×

 

 HR. Cardiac index (CI) was
measured by bioimpedance (Bomed NCCOM3; Nova-
cor, Rueil-Malmaison, France) [18–20]. This method of
cardiac output measurement has been previously vali-
dated in comparison with thermodilution and Doppler
echocardiography methods demonstrating a good com-
patibility [19, 20]. Moreover, in healthy subjects the
coefficient of reproducibility using the Bland and Alt-
man method [21] was 1.8, 1.2 and 2.8 l min

 

−

 

1

 

, respec-
tively, at rest, 5-min tilt and exercise [19, 20]. The
coefficient of reproducibility achieved by us during two
assessments  of  basal  CI  separated  by  8 h  was  0.65 l
min

 

−

 

1

 

 m

 

2

 

. Under the same conditions the coefficient of
reproducibility among two determinations of changes
from baseline in CI at 5-min tilt and exercise during two
tests separated by 4 h was, respectively, 1.27 and
2.17 l min

 

−

 

1

 

 m

 

2

 

. Total peripheral resistance index (TPRI)
was calculated as TPRI 

 

=

 

 (MBP/CI) 

 

×

 

 80. Finger blood
pressure and pulse intervals were measured on the left
hand using a non-invasive photoplethysmographic fin-
ger device (Finapres 2300; Ohmeda, BOC Group,
Englewood, CO, USA) [22]. The cuffed finger was
maintained at the heart level during the continuous mea-
surement period and the device was connected to a PC
by means of an analogue-to-digital converter (Anapres
v1.2; Notocord Systems, Versailles, France) allowing
data acquisition (0.5 Hz), storage and analysis (500 Hz).
This 0.5-Hz sampling is suited to patients whose hearts
usually beat within a 55–85 bpm range. Heart rate
variability was evaluated by mean of spectral analysis
using a fast Fourier transform algorithm on 512-point
stationary time series. This corresponds to a 4-min 26-
s period at 0.5-Hz sampling rate. The frequency of oscil-
lation scale was analysed up to 400 mHz. The total
integrated amplitude was calculated over 40–400 mHz
(T), the low-frequency component over 40–150 mHz
(LF) and the high-frequency component over 150–
400 mHz (HF), and expressed in beats min

 

−

 

1

 

 Hz

 

−

 

1/2

 

.
High- and low-frequency spectral density estimates
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were expressed in percentage value of total integrated
amplitude (T) and the LF/HF ratio was used as an index
of sympathovagal balance [23, 24]. Plasma norepineph-
rine (NE) and epinephrine (E) and plasma concentra-
tions of study drugs and S 18982, the active metabolite
of ivabradine, were determined using high-performance
liquid chromatography [16, 25].

 

Experimental procedure

 

No tea, coffee, alcoholic beverage or smoking were
allowed during the entire trial period. After a light
breakfast at 07.00 h, the subjects arrived at the labora-
tory at 08.00 h. An indwelling intravenous catheter
with a heparinized lock was inserted into a forearm
vein, chest electrodes for cardiac index measurements
were placed and the subjects rested for 1 h in the
supine position. At 09.00 h basal values of HR, arterial
pressure, CI and HR variability were recorded and
blood samples for determination of biological parame-
ters were collected, after which the treatment was
administered (at 09.30 h). A tilt test, consisting of a
passive standing up from a supine position, was per-
formed 2 h after drug administration. Finger blood
pressure was measured continuously from baseline
until the 10 min of tilt. HR, CI, brachial blood pres-
sures, HR variability indices and plasma catechola-
mines were obtained before and at the 5th minute of
tilt. At 2.15 h, after drug administration, when subjects
had recovered from the tilt test, an exercise test, con-
sisting of a 10-min exercise on a bicycle ergometer at
increasing workloads (3 min at 50 W, 3 min at 100 W
and 4 min at 150 W) was performed. Clinical measure-
ments were made at baseline and at the end of each
exercise step. Additional blood samples for catechola-
mine plasma level determinations were drawn at rest
and at the end of the maximal exercise. During exer-
cise, HR was measured by continuous ECG monitoring
until 2.45 h after drug intake, corresponding to the 20th
min of recovery. A light meal was served immediately
after the exercise test and the volunteers rested for 2 h
in the supine position. Tilt and exercise tests were then
repeated, 5 h after treatment, according to the same
procedure, followed by an additional 2-h rest period
with clinical measurements performed at rest 8.00 h
after the drug intake.

 

Statistical analysis

 

Values are mean 

 

±

 

 SEM. Statistical analysis was per-
formed using the 

 

SYSTAT

 

 package (

 

SYSTAT

 

 5.2.1; SPSS,
Chicago, IL, USA). A three-way analysis of variance
(treatment, subject, period) with repeated measurements
was performed on the changes over time for all the

parameters measured. The effect of treatment on param-
eters measured during the stimulation tests was assessed
using a four-way analysis of variance [treatment, sub-
ject, period and timing of the test (2nd or 5th hour after
treatment)]. In the case of a significant treatment effect,
differences between treatments were examined two by
two and at each separate time, using a contrast analysis.
In addition, the least significance difference between
means of repeated measures at rest and during tests
(LSD) for each parameter was also calculated for a 5%
significance level for all important endpoints for the
study. The corresponding 95% confidence interval of
mean difference (d) for each comparison was obtained
as d 

 

±

 

 LSD. The effect of treatment on the relationships
between plasma catecholamines and HR, cardiac output
or MBP was evaluated using a multiple linear model
with subject, period and treatment group as factors and
plasma values of catecholamine obtained at different
measurement times as cofactors. The treatment–cate-
cholamine interaction was used to indicate a treatment
effect on this relationship and followed by a contrast
analysis when significant. In parallel, a linear regression
model was used to illustrate the within-group relation-
ships in presence of placebo, ivabradine and propra-
nolol. A value of 

 

P

 

 

 

≤

 

 0.05 was considered to be
significant.

 

Results

 

At rest

 

 

 

(Table 1)

 

There was no significant difference between the basal
values of the different parameters obtained before treat-
ment administration during each study period.

After ivabradine and propranolol resting HR
decreased similarly compared with placebo [treatment
effect: 

 

P

 

 

 

<

 

 0.002; Iva 

 

vs.

 

 Plac 

 

P

 

 

 

<

 

 0.01, Propra 

 

vs.

 

 Plac

 

P

 

 

 

<

 

 0.01, Iva 

 

vs.

 

 Propra 

 

P

 

 

 

<

 

 0.31 (95% confidence inter-
val Iva 

 

vs.

 

 Plac 4.5, 12.8; 95% confidence interval Pro-
pra 

 

vs.

 

 Plac 1.6, 10.0; 95% confidence interval Iva 

 

vs.

 

Propra 

 

−

 

1.3, 7.1)].
SBP decreased similarly after ivabradine and

propranolol compared with placebo [treatment effect:

 

P

 

 

 

<

 

 0.007; Iva 

 

vs.

 

 Plac 

 

P

 

 

 

<

 

 0.05, Propra 

 

vs.

 

 Plac

 

P

 

 

 

<

 

 0.04, Iva 

 

vs.

 

 Propra 

 

P

 

 

 

<

 

 0.33 (95% confidence inter-
val Iva 

 

vs.

 

 Plac 0.8, 8.2; 95% confidence interval Propra

 

vs.

 

 Plac 3.1, 10.5; 95% confidence interval Iva 

 

vs.

 

 Propra

 

−

 

1.4, 6.0)]. DBP and MBP were not altered by any
treatment.

Resting RPP decreased similarly with both active
drug treatments compared with placebo [treatment
effect: 

 

P

 

 

 

<

 

 0.002; Iva 

 

vs.

 

 Plac 

 

P

 

 

 

<

 

 0.003, Propra 

 

vs. Plac
P < 0.005, Iva vs. Propra P < 0.62 (95% confidence
interval Iva vs. Plac 0.7, 2.0; 95% confidence interval
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Propra vs. Plac 0.5, 1.8; 95% confidence interval Iva vs.
Propra −0.5, 0.8)].

There were no significant treatment effects on CI and
TPRI.

At 5 h, during the postprandial period, HR
(P < 0.006), CI (P < 0.001) and RPP (P < 0.04) were
increased and TPRI (P < 0.001) decreased when com-
pared with the morning, but there was no significant
treatment effect related to these changes.

Plasma levels of epinephrine and norepinephrine did
not change at rest.

Tilt test (Table 2, Figure 1)
During the two tilt tests the HR at 5-min tilt was
lower with ivabradine and propranolol than with pla-
cebo [treatment effect: P < 0.001; Iva vs. Plac
P < 0.001, Propra vs. Plac P < 0.004 (95% confidence
interval Iva vs. Plac 10.6, 18.4; 95% confidence inter-

val Propra vs. Plac 4.9, 12.7)]. In addition, HR was
significantly lower with ivabradine than with propra-
nolol (Iva vs. Propra P < 0.007, 95% confidence inter-
val 1.9, 9.7).

SBP and MBP differed with the treatment groups
(P < 0.001 and P < 0.004, respectively). SBP was simi-
lar with ivabradine and placebo (Iva vs. Plac P < 0.72,
95% confidence interval −3.2, 8.7), while remaining
significantly lower with propranolol than with ivabra-
dine (Propra vs. Iva P < 0.003, 95% confidence interval
0.3, 12.2) or placebo (Propra vs. Plac P < 0.001, 95%
confidence interval 3.1, 15.0). MBP was similar with
ivabradine and placebo (Iva vs. Plac P < 0.99, 95% con-
fidence interval −2.8, 6.3) while remaining significantly
lower with propranolol than with ivabradine (Propra vs.
Iva P < 0.003, 95% confidence interval 0.7, 9.8) or pla-
cebo (Propra vs. Plac P < 0.003, 95% confidence inter-
val 2.5, 11.5).

Table 1
Resting haemodynamic and biological parameters

Parameters Treatment T0 T2 h T5 h T8 h

Heart rate (bpm) Placebo 63 ± 2 65 ± 3 72 ± 4‡ 67 ± 4
Ivabradine 66 ± 4 54 ± 3* 60 ± 4*‡ 62 ± 2
Propranolol 66 ± 3 59 ± 3* 62 ± 3*‡ 60 ± 4

Systolic blood Placebo 124 ± 3 123 ± 3 120 ± 2 121 ± 2
pressure (mmHg) Ivabradine 124 ± 4 116 ± 4* 115 ± 3* 115 ± 3*†

Propranolol 122 ± 3 114 ± 3* 113 ± 3* 121 ± 2
Diastolic blood Placebo 64 ± 3 68 ± 2 61 ± 1 65 ± 2

pressure (mmHg) Ivabradine 67 ± 2 64 ± 3 63 ± 3 64 ± 1
Propranolol 65 ± 3 64 ± 3 61 ± 4 65 ± 4

Mean blood pressure Placebo 84 ± 3 86 ± 2 81 ± 1 84 ± 2
(mmHg) Ivabradine 86 ± 2 81 ± 3 80 ± 3 81 ± 1

Propranolol 84 ± 3 81 ± 3 78 ± 3 84 ± 3
Rate pressure product Placebo 7.77 ± 0.27 7.91 ± 0.52 8.70 ± 0.56‡ 8.13 ± 0.43

(103 mmHg min−1) Ivabradine 8.20 ± 0.48 6.24 ± 0.40* 6.92 ± 0.46*‡ 7.14 ± 0.28*
Propranolol 8.08 ± 0.37 6.78 ± 0.26* 6.96 ± 0.44*‡ 7.31 ± 0.51

Cardiac index (l m−1 m−2) Placebo 4.5 ± 0.3 4.1 ± 0.3 4.9 ± 0.4‡ 4.5 ± 0.3
Ivabradine 4.8 ± 0.4 4.0 ± 0.3 4.9 ± 0.4‡ 4.7 ± 0.4
Propranolol 4.6 ± 0.3 3.8 ± 0.3 4.4 ± 0.4‡ 4.3 ± 0.3

Total peripheral resistance Placebo 1523 ± 100 1475 ± 110 1380 ± 119‡ 1540 ± 97
index (dynes s cm−5) Ivabradine 1536 ± 163 1690 ± 137 1385 ± 106‡ 1429 ± 104

Propranolol 1482 ± 70 1815 ± 193 1563 ± 173‡ 1621 ± 102
Epinephrine (pg ml−1) Placebo 30 ± 0 30 ± 0 30 ± 0 –

Ivabradine 30 ± 0 30 ± 0 30 ± 0 –
Propranolol 30 ± 0 34 ± 2 34 ± 4 –

Norepinephrine (pg ml−1) Placebo 183 ± 18 231 ± 23 232 ± 25 –
Ivabradine 190 ± 23 250 ± 27 246 ± 22 –
Propranolol 196 ± 11 265 ± 39 221 ± 21 –

Values are mean ± SEM. Parameters are obtained at rest, before (T0) and, respectively, 2 (T2 h), 5 (T5 h) and 8 h (T8 h)
after treatment administration. *P < 0.05 vs. placebo; †P < 0.05 Ivabradine vs. Propranolol; ‡P < 0.05 T5 h vs. T2 h.
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In contrast, ivabradine and propranolol both
decreased RPP compared with placebo [treatment
effect: P < 0.001; Iva vs. Plac P < 0.001, Propra vs. Plac
P < 0.001 (95% confidence interval Iva vs. Plac 0.8, 1.8;
95% confidence interval Propra vs. Plac 0.6, 1.7)]. This
treatment effect was similar with ivabradine and propra-
nolol (Iva vs. Propra P < 0.40, 95% confidence interval
−0.4, 0.7).

Simultaneously, the decrease in CI was greater with
propranolol than with ivabradine (treatment effect:
P < 0.05; Propra vs. Iva P < 0.04, 95% confidence inter-
val 0.1, 0.7) or placebo (Propra vs. Plac P < 0.04, 95%
confidence interval 0.1, 0.8) and was similar with
ivabradine or placebo (Iva vs. Plac P < 0.94, 95% con-
fidence interval −0.3, 0.4).

DBP, TPRI and the plasma levels of epinephrine and
norepinephrine increased during the tilt tests (all
P < 0.001) without any treatment effect.

During the second tilt test (post prandial) HR
(P < 0.006), CI (P < 0.001) and RPP (P < 0.04) were
greater and TPRI (P < 0.001) and plasma epinephrine
(P < 0.013) were lower when compared with the morn-
ing without any treatment effect related to these changes
(Table 2).

During exercise (Table 2, Figure 2)
During the two exercise tests the HR at maximal exer-
cise was similarly lower with ivabradine and propra-
nolol than with placebo [treatment effect: P < 0.001; Iva
vs. Plac P < 0.001, Propra vs. Plac P < 0.001, Iva vs.

Table 2
Haemodynamic and biological parameters obtained during tilt and exercise tests

Parameters Treatment Tilt1 Exercise 1 Tilt2 Exercise 2

Heart rate (bpm) Placebo 74 ± 4 153 ± 7 77 ± 4‡ 156 ± 7§
Ivabradine 59 ± 2*† 121 ± 4* 60 ± 3*†‡ 124 ± 5*§
Propranolol 65 ± 2* 121 ± 3* 69 ± 3*‡ 129 ± 5*§

Systolic blood pressure Placebo 123 ± 3 146 ± 2 125 ± 3 141 ± 7
(mmHg) Ivabradine 126 ± 5† 143 ± 4 121 ± 4† 151 ± 4

Propranolol 112 ± 4* 144 ± 2 114 ± 3* 148 ± 3
Diastolic blood pressure Placebo 71 ± 3 106 ± 5 68 ± 2 109 ± 9

(mmHg) Ivabradine 71 ± 4 110 ± 5 70 ± 3 94 ± 6
Propranolol 64 ± 3 107 ± 3 65 ± 2 102 ± 6

Mean blood pressure Placebo 88 ± 3 120 ± 4 87 ± 2 120 ± 9
(mmHg) Ivabradine 89 ± 4† 121 ± 5 87 ± 3† 113 ± 4

Propranolol 80 ± 3* 119 ± 3 81 ± 2* 117 ± 4
Rate pressure product Placebo 9.12 ± 0.63 22.43 ± 1.14 9.62 ± 0.64‡ 22.33 ± 1.85§

(103 mmHg min−1) Ivabradine 7.33 ± 0.37* 17.30 ± 0.83* 7.26 ± 0.55*‡ 18.71 ± 0.78*§
Propranolol 7.26 ± 0.38* 17.43 ± 0.51* 7.96 ± 0.44*‡ 19.04 ± 0.84*§

Cardiac index (l m−1 m−2) Placebo 3.7 ± 0.2 11.0 ± 0.7 4.7 ± 0.3‡ 12.2 ± 0.9§
Ivabradine 3.7 ± 0.3† 10.8 ± 0.7 4.7 ± 0.5†‡ 13.0 ± 1.2§
Propranolol 3.2 ± 0.2* 10.0 ± 1.0 4.1 ± 0.4*‡ 12.1 ± 1.0§

Total peripheral resistance Placebo 2021 ± 116 898 ± 71 1522 ± 91‡ 845 ± 106§
index (dynes s cm−5) Ivabradine 2021 ± 188 944 ± 79 1579 ± 131‡ 738 ± 62§

Propranolol 2011 ± 146 1042 ± 119 1687 ± 127‡ 824 ± 86§
Epinephrine (pg ml−1) Placebo 41 ± 8 80 ± 13 30 ± 0‡ 57 ± 10§

Ivabradine 33 ± 3 103 ± 13 30 ± 0‡ 59 ± 8§
Propranolol 51 ± 9 149 ± 28*† 31 ± 1‡ 90 ± 13§*†

Norepinephrine (pg ml−1) Placebo 325 ± 24 985 ± 99 352 ± 41 997 ± 123
Ivabradine 358 ± 27 1133 ± 146 348 ± 31 989 ± 133
Propranolol 333 ± 24 1223 ± 154 338 ± 27 1021 ± 111

Values are mean ± SEM. Parameters are obtained at 5 min, during the first (Tilt1) and the second tilt test (Tilt 2) and at 10 min
during the first (Exercise 1) and second exercise test (Exercise 2). The two sets of tests were performed, respectively, 2 and
5 h after treatment administration. *P < 0.05 vs. placebo; †P < 0.05 Ivabradine vs. Propranolol at each measurement time;
‡P < 0.05 vs. Tilt 1; §P < 0.05 vs. Exercise 1.
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Propra P < 0.376 (95% confidence interval Iva vs. Plac
21.8, 33.7; 95% confidence interval Propra vs. Plac 17.8,
29.7; 95% confidence interval Iva vs. Propra −1.9,
10.0)].

SBP, DBP and MBP increased and TPRI decreased
during the exercise tests (all P < 0.001), but these
changes did not show any treatment effect.

During the exercise tests RPP was similarly lower
with ivabradine and propranolol than with placebo
[treatment effect: P < 0.001; Iva vs. Plac P < 0.001, Pro-
pra vs. Plac P < 0.001, Iva vs. Propra P < 0.374 (95%
confidence interval Iva vs. Plac 2.1, 3.3; 95% confidence
interval Propra vs. Plac 1.9, 3.1; 95% confidence interval
Iva vs. Propra −0.4, 0.8)].

Simultaneously, CI was slightly greater with ivabra-
dine or placebo than with propranolol, but the difference
between the treatments was not significant.

At maximal exercise, norepinephrine was similar in
all three groups but epinephrine was higher with propra-
nolol than with ivabradine or placebo [treatment effect:
P < 0.001; Propra vs. Iva P < 0.001, Propra vs. Plac
P < 0.001 (95% confidence interval Propra vs. Iva 11.2,
39.8, 95% confidence interval Propra vs. Plac 19.2,
47.8)], and similar with ivabradine and placebo (Iva vs.
Plac P < 0.287, 95% confidence interval −6.3, 22.3).

During the second exercise test (post prandial) HR,
CI and RPP were greater and TPRI and plasma cate-
cholamines were lower when compared with the first
exercise test (all P < 0.001). However, there was no sig-
nificant treatment effect related to these changes.

Relationships between plasma catecholamine levels and 
HR, CI and MBP (Figure 3)
There was a significant positive relationship between
plasma noreprinephrine and HR (P < 0.001) with a sig-
nificant shift in the relationship towards lower HR val-
ues for given plasma norepinephrine concentrations for

Figure 1
Mean (± SEM) values of heart rate (HR), cardiac index (CI), systolic blood 

pressure (SBP) and rate pressure product (RPP) obtained 2 and 5 h after 

administration of placebo (�), ivabradine (�) and propranolol (�) at 

baseline and at the 5th minute of tilt test. P, Time effect. *P < 0.05 vs. 

placebo, †P < 0.05 vs. propranolol
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Figure 2
Mean (± SEM) values of heart rate (HR), cardiac index (CI), systolic blood 

pressure (SBP) and rate pressure product (RPP) obtained 2.25 and 5.25 h 

after administration of placebo (�), ivabradine (�) and propranolol (�) 

at baseline and at maximal load during exercise test. P, Time effect. 

*P < 0.05 vs. placebo, †P < 0.05 vs. propranolol
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both ivabradine (treatment × norepinephrine: P < 0.001)
and propranolol (treatment × norepinephrine: P <
0.001) compared with placebo, but no significant differ-
ence between the effects of these two drugs (Figure 3,
left).

Furthermore, there was a significant positive relation-
ships between plasma epinephrine and CI (P < 0.001)
and plasma epinephrine and MBP (P < 0.001), and only
propranolol shifted the relationships significantly
towards lower values of MBP (treatment × epinephrine:
P < 0.01) and CI (treatment × epinephrine: P < 0.004)
compared with placebo for given plasma epinephrine
levels (Figure 3, middle and right).

Heart rate variability
At rest, the amplitude of the HR high-frequency or low-
frequency oscillations and of the low- to high-frequency
ratio oscillations were not altered significantly by either
drug (Figure 4).

During the two tilt tests (Figure 5), the amplitude of
the HR low-frequency oscillations increased (P < 0.007)
and the amplitude of the high-frequency oscillations
decreased (P < 0.001) but these changes did not show
any treatment effect. However, the HR low- to high-
frequency ratio oscillations were significantly lower
with ivabradine relative to placebo (treatment effect:
P < 0.01; Iva vs. Plac P < 0.03, 95% confidence interval
0.02, 0.22) and were lower with propranolol than with
placebo, but the difference between propranolol and pla-
cebo (Propra vs. Plac P < 0.19, 95% confidence interval

−0.10, 0.11) and between the two drugs was not signif-
icant (Iva vs. Propra P < 0.39, 95% confidence interval
−0.10, 0.11).

Pharmacokinetics
The mean maximal plasma concentrations were 82 ± 15,
18 ± 3 and 27 ± 5 ng ml−1 and the time at which the
maximal plasma concentration occurred was 137 ± 6,
151 ± 13 and 163 ± 13 min, for, respectively, ivabra-
dine, its active metabolite S 18982, and propranolol. At
2 h and 5 h, just before tilt and exercise tests, the plasma
concentrations of ivabradine were, respectively, 75 ± 14
and 25 ± 4 ng ml−1, concentrations of S 18982 were
16 ± 3 and 11 ± 2 ng ml−1 and those of propranolol were
16 ± 4 and 18 ± 4 ng ml−1.

Safety evaluation
There were no major adverse events or premature with-
drawals from the study due to adverse events. Five vol-
unteers presented one or more adverse events during the
study. Of the eight adverse events reported, six occurred
during propranolol periods, two during ivabradine peri-
ods and none during placebo periods. The most common
adverse event was vagal malaise (nausea, hypotension
and bradycardia), which occurred four times in partici-
pants receiving propranolol and once in those receiving
ivabradine. In each case, the onset of vagal malaise
occurred 7–15 min after a tilt test and stopped rapidly
after a brief period of rest in the supine position. Finally,
one cold left hand lasting 10 min (following propra-

Figure 3
Relationships between plasma norepinephrine and heart rate (left), plasma epinephrine and cardiac index (middle) and plasma epinephrine and mean 

blood pressure (right), using individual values obtained at rest, during tilt tests and during exercise, after administration of placebo (�), ivabradine (�) 

and propranolol (�). The r-values correspond to the univariate correlation coefficients obtained for each significant treatment group relationship

0

5

10

15

20

  C
ar

di
ac

 I
nd

ex
 (

L
 m

in
-1

 m
-2

)
0 100 200 300 400

Epinephrine (pg ml-1)

0

50

100

150

200

 H
ea

rt
 r

at
e 

(b
pm

)

0 800 1600 2400

Norepinephrine (pg/ml-1)

50

75

100

125

150

175

 M
B

P
 (

m
m

 H
g)

0 100 200 300 400

Epinephrine (pg/ml-1) 

Iva: r = 0.566
Plac: r = 0.529
Propra: r = 0.496

Iva: r = 0.792
Plac: r = 0.870
Propra: r = 0.820

Iva: r = 0.720
Plac: r = 0.597
Propra: r = 0.462



R. Joannides et al. 

134 61:2 Br J Clin Pharmacol

nolol) and intermittent visual disturbances lasting
10 min (following ivabradine) were observed. All
adverse events resolved spontaneously.

Discussion
The main result of the present study performed in
healthy volunteers was to demonstrate that for a similar
decrease in HR at rest and during sympathetic stimula-
tion induced by exercise, acute administration of ivabra-
dine, a new HR-lowering agent that selectively and
specifically inhibits the If current, not only decreases
myocardial oxygen demand as assessed by the rate pres-

sure product, to the same extent as a reference β-blocker,
propranolol, but also acts without any evidence of a
depressant effect on cardiac function.

The doses of ivabradine and propranolol were
selected to obtain the same decrease in HR at rest and
during exercise. Thus, it was possible to compare sys-
temic and cardiac haemodynamic and plasma catechola-
mines between groups at the same level of sinus node
inhibition despite their different mechanisms of action,
to study the single effect of HR lowering and to assess
the cardiovascular adaptive responses under these con-
ditions. Furthermore, we attempted to compare the
kinetics of the treatment effects, at rest and during exer-

Figure 4
Mean (± SEM) values of low-frequency component (LF/T), high-frequency 

component (HF/T) and low- to high-frequency ratio (LF/HF) of heart rate 

spectra obtained at rest before (time 0) and at rest, 2, 5 and 8 h after 

administration of placebo (�), ivabradine (�) and propranolol (�)

40

45

50

55

60

 L
F

/T
 (

%
)

0 1 2 3 4 5 6 7 8

0 1 2 3 4 5 6 7 8

0 1 2 3 4 5 6 7 8

Time (hrs)

40

45

50

55

60

H
F

/T
 (

%
)

Time (hrs)

0.6

0.85

1.1

1.35

1.6

 L
F

/H
F

Time (hrs)
Figure 5
Mean (± SEM) values of low-frequency component (LF/T), high-frequency 

component (HF/T) and low- to high-frequency ratio (LF/HF) of heart rate 

spectra obtained 2 and 5 h after administration of placebo (�), ivabradine 

(�) and propranolol ( ) at baseline (base) and at the 5th minute of tilt 

test (tilt). P, Time effect. *P < 0.05 vs. placebo

0

20

40

60

80

L
F

/T
 (

%
)

0

20

40

60

80

H
F

/T
 (

%
)

0

0.5

1

1.5

2
L

F
/H

F

Base Tilt Base Tilt Base Tilt

Base Tilt Base Tilt Base Tilt

Base Tilt Base Tilt Base Tilt

p < 0.05

p < 0.05

p < 0.05

*



Bradycardic agent at rest and exercise

Br J Clin Pharmacol 61:2 135

cise and tilt tests which were performed twice during
each study period, 2 and 5 h after drug administration.

At rest it appears that the decrease in HR was mod-
erate and comparable in intensity and duration when
ivabradine was administered at a dose of 30 mg and
propranolol at a dose of 40 mg. Under these conditions,
MBP, DBP and CI did not change significantly, but only
SBP decreased. The decrease in brachial SBP with these
two substances, as previously reported after β-blockers,
suggests that the HR lowering was directly involved in
this effect [26]. The decrease in amplification of the
pulse wave between the aorta and peripheral arteries,
physiologically associated with the HR lowering, could
thus have decreased brachial SBP [27, 28]. However,
this mechanism was not investigated in the study. Fur-
thermore, the fact that the decrease in SBP was more
marked with propranolol than with ivabradine and that
the CI was slightly although nonsignificantly lowered
with propranolol alone, also suggests that propranolol
has a cardiac depressant effect. Indeed, although not
presently investigated, propranolol could have modified
ventricular ejection and thus decreased peak systolic
pressure [29, 30]. However, it must be stressed in this
context that the RPP, which reflects myocardial oxygen
demand, was similarly lowered with ivabradine and
propranolol.

During the tilt test, the decrease in CI was associated,
in all treatment groups, with a mild sympathetic activa-
tion resulting from baroreflex deactivation and charac-
terized by  an  increase  in  HR,  TPRI,  blood  pressure
and plasma catecholamines. In these conditions, the
decrease in CI was significantly more marked after pro-
pranolol than after placebo or ivabradine despite a lower
value of HR after ivabradine. This test, which induces
cardiac unloading and depression of preload-dependent
contractility by decreasing venous return, thus enables
us to demonstrate indirectly the negative inotropic effect
of propranolol but not ivabradine. Moreover, because
TPRI and DBP, which can be considered as indices of
arteriolar tone, were similarly increased after ivabradine
and propranolol, the reduced increase in SBP with pro-
pranolol resulted from the lower value of CI and stroke
volume and thus probably also from the negative inotro-
pic effect of this drug. Simultaneously, the lower value
of low- to high-frequency ratio observed after ivabra-
dine and propranolol reflects the inhibitory effect of
these treatments on the sinus node during this test [23,
24, 31]. However, in absence of direct measurement of
cardiac preload, a lower venous return after β-blockade
than If current inhibition could participate in the
observed decrease in cardiac output. This is unlikely,
because propranolol has probably unmasked a higher α-

dependent venous tone than ivabradine, leading to a
similar or even higher venous return after β-blockade
than If current inhibition. This assessment of interaction
of the two drugs with inotropism is supported by the
relationships between plasma catecholamines and HR,
CI and MBP. According with the norepinephrine–HR
relationships, it appears that propranolol and ivabradine
had a similar antitachycardic effect [32]. However, the
relationships between plasma epinephrine and CI or
MBP show a shift toward lower values of CI and MBP
for propranolol, but not for ivabradine. This suggests
that propranolol has a myocardial depressant effect that
was not shown by ivabradine at a dose that was equipo-
tent to that of propranolol in decreasing tachycardia.
This finding is consistent with the results of previous
studies comparing ivabradine with propranolol in con-
scious dogs and pigs at rest and during exercise [6, 33].
Finally, it appears that despite these different haemody-
namic conditions, the decrease in myocardial oxygen
demand during tilt was similar with ivabradine and pro-
pranolol, as illustrated by the similar RPP at tilt when
compared with placebo.

Several ionic currents operate in the sino-atrial node
during the slow diastolic phase of depolarization,
including the delayed rectifier current IK, a background
sodium current IbNa, a T-type calcium current and If. If is
thought to be one of the most important currents in
pacemaking in the sino-atrial node [34]. Animal studies
indicate that ivabradine is a selective and specific inhib-
itor of If, and has few effects other than to slow the rate
of diastolic depolarization and hence reduce HR [12, 14,
35]. This specificity may explain the absence of signif-
icant negative inotropic or lusitropic and vasoactive
actions of ivabradine observed in entire animal studies
[6, 36–38] and in the present study.

During exercise, which corresponds to a more sus-
tained sympathetic activation characterized by a larger
increase in HR, blood pressure and plasma catechola-
mines, there was, in contrast to the tilt test, an increase
in CI and a decrease in TPRI. These changes were asso-
ciated with a sustained increase in RPP, as expected
from the increase in HR and SBP. However, at a dose
of propranolol that limits the increase in HR to the same
extent as ivabradine, the decrease in the RPP observed
at exercise was similar with the two drugs. This decrease
in this index of myocardial oxygen demand was associ-
ated with an increase in the myocardial diastolic perfu-
sion time and thus probably with an increased
subendocardial perfusion.

Furthermore, in contrast to the tilt test, ivabradine and
propranolol have comparable effects on CI and SBP at
exercise, even if CI tends to be slightly and nonsignifi-
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cantly lower after propranolol than after ivabradine.
Thus, in the presence of strong sympathetic stimulation,
the doses of ivabradine and propranolol we administered
had similar depressant effects on HR and RPP, thus
indicating, although obtained in healthy young subjects
and in a relatively small study, a similar beneficial effect
on the balance between the myocardial oxygen demand
and supply in these conditions.

Finally, concerning the kinetics of the treatment
effects, the fact that the effects of ivabradine were sim-
ilar 2 and 5 h after drug administration, when plasma
values of the drug were close to three times higher at 2
than at 5 h, suggests that these pharmacological effects
are related to a sustained tissular effect of the substance
due to a long-lasting tissular binding possibly associated
with the presence of an active metabolite [16].

In conclusion, our study demonstrates that selective
HR reduction with no evidence of depressant effect on
cardiac function decreases the index of myocardial oxy-
gen demand to the same extent as the reference β-
blocker, propranolol, when used at doses providing
equivalent decreases in HR. These results and studies
concerning experimental heart failure [38] and patients
with stable angina [17] suggest that ivabradine could be
of potential interest in patients with ischaemic heart
disease [39]. In addition, it could also be used par-
ticularly when β-blockers are contraindicated or badly
tolerated particularly because of their negative inotropic
effect.
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